Introduction
Group III nitride semiconductors are recognized as one of the most promising materials for fabricating optical devices in the visible short-wavelength and UV region. To develop such novel devices and clarify the intrinsic materials properties of nitrides, it is essential to grow high-quality single crystals and control their electrical conductivity. However, highquality epitaxial GaN was impossible to grow and its conductivity was uncontrollable. These problems have prevented the development of GaN-based p−n junction blue-light-emitting devices for many years. 1) In 1986, we achieved a marked improvement in the crystal quality of GaN which enabled us to realize p-type conduction in nitrides and to control the conductivity of n-type nitrides in 1989. In the same year, these achievements led to the invention of the world's first GaN p−n junction blue/UV-lightemitting diode (LED). In 1990, stimulated emission in the UV region at room-temperature (RT), which is indispensable for laser action, was also achieved. These breakthroughs inspired nitride researchers around the world to exert great effort, which eventually led to the commercialization of high-performance blue LEDs and long-lifetime violet-laser diodes (LDs), and to the development of nitride-based devices such as UV detectors and high-speed field-effect transistors.
Furthermore, quantum size and quantumconfined Stark effects in the nitride system were first verified in 1991 and 1997, respectively, using high-quality multiple-quantumwell structures grown with a low-temperaturedeposited buffer layer.
Unique properties of nitrides, such as a large piezoelectric effect, are also well understood owing to the marked improvement in the crystal quality of nitrides.
Here, we review the breakthroughs during the development of nitride-based blue-lightemitting devices and describe recent advances in the crystal growth technology and UV-emitting devices of nitride semiconductors.
Research on Nitride Semiconductors in Early Days
Because of the difficulty in growing large bulk, single-crystal GaN, heteroepitaxial growth had to be adopted to grow 
Breakthrough in Crystal Growth of GaN

Choice of MOVPE as growth method
In the early 1970s, while I (Isamu Akasaki) was working at Matsushita Research Institute Tokyo, Inc. (MRIT), I decided to focus on the research and development of GaN-based blue-light-emitting devices using a p−n junction; something that no one had yet realized. inside the growth reactor exhibited highly efficient light emission. Thus, in 1979, I decided to adopt MOVPE as the preferred growth method for GaN, although it was rarely employed at the time. It was a crucial decision. 11, 12) As for the substrate, sapphire was provisionally chosen, which was widely used because it was stable under MOVPE growth conditions (above 1000 ºC and in NH3 atmosphere) and was similar to GaN in terms of crystal symmetry.
11,12)
Development of low-temperature (LT) buffer layer method for MOVPE
In 1981 tually succeeded in growing the world's first extremely high quality GaN single crystals in 1985. 14) As shown in showed that crystal defects such as dislocations markedly decreased with the use of the LT-AlN buffer layer. 19) These results clearly show that not only the crystal quality but also the electrical and luminescence properties of GaN could be markedly improved at the same time. The effect of the LT-AlN buffer layer is summarized in Fig. 6 . The essential role of the LT-AlN buffer layer was found to be related to both the supply of high-density nucleation centers having the same orientation as the substrate and the promotion of the lateral growth of the epitaxial film due to the decrease in interfacial free energy between the epitaxial film and the substrate. 16, 19) Later, in 1990, we achieved stimulated emission in the UV region at RT, which is 
Conductivity control of n-type nitrides
Regarding n-type doping, researchers previously attempted doping Si using SiH4, 37) but it was difficult to control the conductivity due to the high density of residual donors in GaN grown without the LT-buffer layer. We also achieved, for the first time, the conductivity control of n-type nitrides (GaN in 1989 38) and AlGaN in 1991 39) ) by doping Si using SiH4 as a Si dopant, while maintaining the high crystalline quality of nitrides using the LT-AlN buffer layer. The conductivity control of n-type nitrides is practically important as well as the realization of p-type conduction. Today, this method for controlling the conductivity of n-type nitrides is used worldwide.
These breakthroughs, namely, the growth of extremely high-quality GaN, the conductivity control of nitrides and the invention of p−n junction blue LEDs in period (C) in 
Progress in Nitride-Based Blue LEDs and Violet LDs
Chronological developments in the external quantum efficiency, η ext of nitridebased blue LEDs are shown in Fig. 8 .
1,3)
η ext saturated at about 0.1 %, before the breakthroughs mentioned above. It began to increase steeply soon after the success in growing high-quality nitride crystals, which resulted in the GaN p−n junction LED. In 1992, a high η ext of 1.5 % was achieved 41) and, in 1993, a nitride-based blue LED with η ext of 2.7 % was first commercialized. shown in Fig. 10 . 46, 47) These structures are widely used as the active layer in blue LEDs and violet LDs at present. This strong enhancement in emission intensity was later (1997) qualitatively attributed to the suppression of the quantum-confined Stark effect (QCSE) 50, 51) caused by the presence of a large piezoelectric field 50) in the GaInN well, which was found to be about 1 MV/cm for an InN fraction of 0.1. In 1995, we achieved the first lasing operation with pulsed current injection from a GaInN/GaN QW device, although the lifetime was very short. 52) An LD with continuous-wave (CW) operation was announced in 1996. 53) In 1997, we found that AlGaN and GaInN grow coherently on a GaN film grown with LT-AlN buffer layers, even though each alloy layer thickness exceeds the critical layer thickness. 54 A thick GaN layer with a threading dislocation density as low as 10 7 cm −2 was grown by HVPE using ELO. 56) Another approach to the reduction in threading dislocation density to as low as 10 7 cm −2 over the whole wafer using an LT interlayer (LT-IL) was reported by us in 1998. 57) Technologies using mass transport 58) and growth on a grooved substrate covered by an LT-AlN buffer layer 59) were also proposed for the reduction in threading dislocation density in nitrides. These three methods and ZrB2 69) lattice-matched to nitrides will be important for further reduction in dislocation density as well as strain.
Conclusions
The marked improvement in crystal quality of wide-bandgap nitride semiconductors by pioneering low-temperature buffer layer technology in MOVPE growth enabled us to control the electrical conductivity of nitrides.
Unique properties such as large piezoelectric effects have been revealed owing to the marked improvement in the crystal quality of nitrides. These breakthroughs led to the invention of the world's first nitride-based p−n junction blue LED, and eventually to the commercialization of high-performance blue, green and white LEDs and long-lifetime violet LDs.
High-speed transistors and high-sensitivity UV detectors have also been developed. 70) All of these devices are robust and enable significant energy conservation. Today, the performance
